This paper presents the design, implementation and evaluation of an instrumentation system for the stability monitoring and characterization of combustion flames. The system, incorporating optical sensing, image processing and spectral analysis techniques, is designed to monitor a range of flame characteristic parameters. The stability of the flame is assessed through statistical analysis of the flame parameters obtained. Embedded computer techniques are employed to ensure the compactness and robustness of the system. Experiments were conducted on a gas-fired combustion test rig to evaluate the system. The impact of equivalence ratio on the stability of the gaseous flame is investigated. Further trials were carried out on a 9 MW th heavy-oil-fired combustion test facility. The impact of the swirl vane angle of tertiary air on the oil-fired flames is studied. The results demonstrate the effectiveness of the system for the monitoring and characterization of the flame stability.
Introduction
Unstable flames are a recognized problem in fossil-fuel-fired combustion processes, particularly where low-quality fuel, fuel blends and co-firing of biomass with fossil fuels are applied. The unstable flame can result in many combustion problems such as low combustion efficiency, high NO x emissions and unburnt carbon in flue gas. It may also cause non-uniform thermal distribution in flue gas and increase the wall thermal stress and vibration of the furnace [1] . The stability of flame should therefore be monitored and maintained continuously for the improved overall performance of the furnace. However, flame monitoring techniques currently available to the power generation industry can only provide basic information such as flame presence or absence 3 Author to whom any correspondence should be addressed.
for furnace safety purposes. They cannot give quantitative information on the stability of the flame.
The flame stability depends on many factors, including the ignitability of fuel or a blend, equivalence ratio, inlet fuel distribution, inlet swirl, burner type and boiler structure [2, 3] . A number of studies have been devoted to such issues theoretically and experimentally [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Various techniques for flame monitoring and characterization have been proposed, but digital imaging has been identified as one of the most effective approaches for use in practical furnaces in terms of system functionality, portability and cost-effectiveness [5] . Significant efforts have been made in the last decade to develop two-dimensional (2D) and three-dimensional (3D) techniques for the visualization and characterization of flames. However, only a few works focused on the quantitative assessment of the flame stability. Furthermore, practical issues such as optical access requirement, lack of ruggedness and high capital cost limit their application to industrial furnaces. Paubel et al [6] used a CCD camera to record chemiluminescence images of excited CH radicals in a non-premixed flame of low calorific residual gases and employed topology analysis techniques to study the stability diagram of the flame. Kiran and Mshira [7] studied the stability characteristics of a jet diffusion LPG (liquefied petroleum gas) flame in terms of its lift-off height, length and emission levels, which were derived from images obtained by a CCD camera. Mansour [8] investigated the stability of a partially premixed turbulent lifted methane flame using the combined technique of Rayleigh scattering, LIPF (laser-induced predissociation fluorescence) and LIF (laserinduced fluorescence). Several prototype systems have also been developed using direct imaging techniques for 2D and 3D flame monitoring and characterization on both laboratory-and industrial-scale combustion test facilities [9] [10] [11] [12] [13] . The systems are designed for measuring and quantifying the characteristic parameters of a flame such as size, shape, brightness, oscillation frequency and temperature. Information obtained has laid a foundation for advancing the imaging technology for the quantitative assessment of the flame stability. This research focuses on the development of an embedded instrumentation system for the monitoring and characterization of the flame stability in industrial furnaces. The system, operating on optical sensing, digital imaging, signal processing and embedded computing techniques, is capable of measuring a number of flame parameters such as ignition point, brightness, oscillation frequency and temperature distribution on an online continuous basis. The stability of the flame is then assessed through the statistical analysis of the characteristic parameters obtained. Technical issues including design considerations, computer algorithms and system implementation are described. Experimental results on a laboratory-scale combustion test rig and on a 9 MW th industrial-scale heavy-oil combustion test facility are reported and discussed. Figure 1 shows a block diagram of the prototype flame monitoring system. The system consists of an optical probe, a beam-splitting unit, an embedded photo-detector and signal-processing board, a digital camera and an embedded motherboard with associated application software. The optical probe, which has a 90
System description

Design and implementation
• viewing-angle objective lens protected by purging air flow, is used to penetrate the furnace and transmit the light of flame to the imaging system. The beam splitter divides the light of flame into two beams. The first beam is captured by the camera for the measurement of flame geometric and luminous parameters and temperature distribution. The second beam is received by the photodetectors on the signal-processing board for the measurement of flame oscillation frequency.
Digital camera.
It is an industrial CMOS RGB camera with resolution up to 1280(H) × 1024(V) at 25 frames s −1 . It also features a partial scan mode which allows the camera to capture images up to 265 frames s −1 with a resolution of 320 × 256, making it ideal for imaging a fast-changing object such as a combustion flame.
Embedded photo-detectors and signal-processing board.
The board has three separate photo-detectors, covering ultraviolet (UV), visible and infrared (IR) spectral bands. The detectors convert the incoming flame light intensity into current signals corresponding to the three spectral bands. A signal conditioning unit is used to ensure that the signals are adequately amplified and filtered prior to digital signal processing. A digital signal microcontroller (dsPIC) digitizes the three signals simultaneously with a processing speed of 40 MHz. Embedded system techniques are employed for onboard signal processing to ensure robustness, compactness and fast response of the system.
Embedded motherboard.
It is a high-performance embedded motherboard which acquires and processes images from the camera. It also performs as the master board for controlling and receiving data from the embedded photodetectors and signal-processing board so as to achieve parallel and real-time signal processing and transmission (via Ethernet).
The optical probe and all optical and electronic parts are integrated as a single unit, offering the system excellent portability and robustness. Dedicated application software is also developed as an integral part of the system. Figure 2 is the physical implementation of the system.
Measurement principles 2.2.1.
Geometric and luminous parameters. These are determined by processing flame images using digital image processing techniques. The number of parameters that are measured can vary, depending upon the nature of the flame and the purpose of the measurement. In the case of this study, the parameters computed include ignition points (maximum, minimum and mean), luminous region, brightness and nonuniformity. The detailed definition and determination of these parameters were given elsewhere [10] . Note that the absolute determination of these parameters is dependent on the specific installation of the system (i.e. the distance between the flame and the image sensor) and the camera settings (i.e. iris and shutter speed, etc). In the case of the present study, the relative values are used as only the variations of these parameters are of interest. The instability of a flame parameter (δ x ) is defined as the standard deviation normalized to its mean value, i.e.
wherex and σ x are the mean value and the standard deviation of the parameter x, respectively.
Geometric and luminous instability.
The geometric and luminous stability of a flame can be evaluated based on the statistical analysis of its geometric and luminous parameters.
To quantify the flame geometric and luminous stability, a parameter, δ, is defined as the sum of weighted instabilities of the flame parameters, i.e.
where m is the number of flame parameters considered and w i is the weight for the corresponding parameter x i . A larger weight is given to an estimate with a larger variance of the parameter whilst a smaller weight to an estimate with a smaller variance. The greater the δ, the more unstable the flame in its geometry and luminosity. 
Oscillation frequency.
The oscillation frequency of the flame is one of the most important properties closely linked to flame stability [9] . It is derived from the flame intensity signals captured by the photo-detectors through frequency spectral analysis. A quantitative frequency is determined as the power-density weighted average frequency over the entire frequency range [9] , i.e.
where F is the oscillation frequency, f i is the ith frequency, p i is the power density of the ith frequency component and n is the number of frequency components. A standard frequency-varying light source with a resolution of 1 μHz was used as an idealized flame light to evaluate the accuracy of the oscillation frequency measurement. Figure 3 shows a comparison between the measured and reference frequencies. Each data point is an average of ten instantaneous values. It was found that the relative error of the frequency measurement is no greater than 2% over the frequency range from 0 to 500 Hz.
Temperature.
The system developed can be used as a vision-based pyrometer, capable of measuring continuously two-dimensional temperature distribution of a flame based on the two-colour method. The fundamental aspects of the twocolour method have been given in detail elsewhere [13] . In the present study, however, instead of using the beam splitting and narrow-bandpass filtering approach that generally results in a complex system configuration, the system derives the flame temperature based on the relationship between the primary colours of the images captured by the RGB camera. The RGB camera used in the system has three separate channels corresponding to primary colours red (R), green (G) and blue (B). In other words, each image produced can be disintegrated into three principal images R, G and B. Combinations of the colour-banded images can thus be used for the determination of the flame temperature distribution using the two-colour technique. In this study, the R and G images have been chosen, i.e.
where C 2 is the second Planck's constant, G(λ R , T) and G(λ G , T) are the grey levels of images from the red and green channels of the camera, respectively. λ R and λ G are the peak wavelengths of the spectral ranges corresponding to the red and green channels, and are 540 and 615 nm, respectively. S λR and S λG are the spectral sensitivities of the system for λ R and λ G , respectively. The ratio S λR /S λG is the instrument factor and can be determined through a calibration procedure using a pre-calibrated tungsten lamp. In this study, the apparent temperature of the tungsten lamp varied from 900 to 1500
• C with an interval of 50
• C, by controlling the current of the power supply. The instrument factor, S = S λR /S λG , is then determined by
where ε λR and ε λG are the emissivity of the tungsten lamp at λ R and λ G , respectively, and can be estimated using the method proposed in [14] . The accuracy of the temperature measurement was verified by applying the system to measure the true temperature of the tungsten lamp, and the results are shown in figure 4 . Each data point is an average of ten instantaneous values. The maximum error of 8.5
• C occurs at the true temperature of 1070
• C and is equivalent to a relative error of 0.8%.
Evaluation of the imaging system
Since a tungsten lamp has very stable irradiance for a given temperature, it was used to evaluate the characteristics of the system for different camera settings including exposure time, aperture and viewing distance.
System linearity.
This was assessed by taking images of the filament of the tungsten lamp for different camera exposure durations at a fixed temperature setting. Figure 5 illustrates the relationship between the averaged grey levels of the filament images and the camera exposure time for the R, G and B channels at the true temperature of 1070 • C. The exposure time is normalized to the maximum exposure time at which the image is approaching saturation. As can be seen, the system exhibits high linearity for different camera exposure times. This suggests that the accuracy of the temperature measurement will not be affected by the variation in exposure time, and therefore it is unnecessary to calibrate the system for different camera exposure times. This is particularly important when applying the system to industrial furnaces where the flame irradiance can vary for different operation conditions, and thus the camera exposure time has to be adjusted to avoid under-or over-exposure of images.
It can also be seen from figure 5 that the R channel gives a much stronger intensity grey level than the other two. This could result in over-exposure on images produced by the R channel and under-exposure on images by the G and B channels. Although adjusting the hardware gain of the R channel to a relative low level or using the white balance function of the camera may avoid the problem, the resulting image may not reflect the true colour profile of the flame. In practice, the intensity grey level of the R channel is continuously monitored, and the exposure time is then adjusted accordingly to avoid the possible saturation.
Effect of viewing distance.
The imaging system may be installed on furnaces with different structures and dimensions. It is therefore important to ensure that different viewing distances (i.e. the distance between the flame and the objective lens of the optical probe) do not affect the sensitivity and accuracy of the temperature measurement. The effect of viewing distance on the measurements was evaluated using the tungsten lamp. Figure 6 (a) shows the variations of the measured temperature with viewing distance for two given temperature settings. Each data point is an average of 60 instantaneous values, and the maximum standard deviation of each point is approximately 3 • C. It has been found that the maximum temperature difference is no greater than 9
• C for the temperatures tested over the distance ranging from 0.5 to 1.3 m. This relative independence of the temperature measurement from the viewing distance stems from the principle of the two-colour method where the temperature is computed from the grey-level ratio of two-banded images, thus reducing the dependence on the geometrical or optical settings of the imaging system.
Effect of camera aperture.
Another important factor that should be considered is the aperture of the camera, which controls the depth of field as well as the amount of light that reaches the imaging sensor. The diameter of the camera aperture is measured in f-stops. A lower fstop number opens the aperture, admitting more light onto the imaging sensor but narrowing the depth of field, whilst a higher f-stop number reduces the aperture and admits less light onto the sensor but deepens the depth of field. Figure  6 (b) shows the measured temperatures for different aperture values for the two given temperature settings of the tungsten lamp. Again, each data point is an average of 60 instantaneous values with a standard deviation less than 4
• C. The maximum relative error of measurements is about 1.4% over the aperture range.
Experimental results and discussions
Experiments on a gas-fired combustion test rig
To evaluate the imaging system as well as the methodology developed, experiments were carried out on a laboratoryscale combustion test rig. A Bunsen-type burner with an outlet diameter of 11 mm was used to generate premixed air-propane flames in an enclosed cylindrical chamber with an inner diameter of 150 mm and a height of 300 mm. A mesh screen was mounted across the outlet of the burner to stabilize the flame. Fuel and air flows to the burner were metered during the experiments. A total of 14 test conditions were created by varying air supplies at a fixed fuel flowrate of 0.3 l min −1 . Each combustion condition is identified by the equivalence ratio which has been recognized to be one of the most important factors relating to fuel conversion, pollutant emissions, heat losses and flame stability [15] . The equivalence ratio, , is defined as the ratio of fuel to air supplied for combustion divided by the stoichiometric fuel to air ratio (the chemically correct fuel to air ratio necessary to achieve complete combustion of the fuel. For propane, the stoichiometric ratio is 1:23.9 by volume), i.e.
=
(fuel-to-air ratio) actual (fuel-to-air ratio) stoichiometric .
The equivalence ratio created in the tests ranges between approximately 0.74 and 1.28, where less than 1 represents a fuel-lean condition whilst greater than 1 indicates a fuel-rich condition. Figure 7 shows the flame images captured by the camera for 14 different equivalence ratios. Each image is an average of ten successive images taken in 1 s. It is evident that the physical appearance (size, brightness, etc) of the flame varies with the equivalence ratio. Figure 8 (a) illustrates the instabilities of the flame parameters including the maximum ignition point, luminous region, brightness and non-uniformity for different equivalence ratios. As can be seen, the instabilities of parameters are relatively small above the stoichiometric conditions ( = 1). As the equivalence ratio decreases (i.e. fuel-lean conditions), a significant variation in the nonuniformity is observed. Such variations are the main causes of the geometric and luminous instability of the flame, as shown in figure 8(b) . It was observed during the experiments that the flame was extremely unstable under the fuel-lean conditions ( < 1) and eventually blown off at an equivalence ratio of 0.74. Figure 9 (a) depicts a typical example of the power spectral density (PSD) estimates of the flame radiation signals taken at the visible and IR spectral ranges for the equivalence ratio of 1.28 (the UV signal was too weak to be detected in the case studied). The sampling rate of the signals was 1024 Hz. The dc components of the signals were removed as dynamic frequency components are of interest. It has been found that the PSD estimates for the visible and IR signals are very similar with the peak value occurring around the frequency of 18 Hz. Figure 9 (b) shows the variation of the weighted oscillation frequency with the equivalence ratio in the IR band. Each data point is an average of eight instantaneous values. It is evident that the oscillation frequency reaches its maximum value around the equivalence ratio of 1 and then decreased with equivalence ratio, indicating increased flame stability in such combustion conditions.
Experiments on an industrial combustion test facility
Further experimental work was undertaken on a 9 MW th industrial-scale heavy-oil-fired combustion test facility. The test rig has an 11 m long horizontal cylindrical combustion chamber with an internal cross-section of 1.3 m in diameter. Heavy oil was atomized by steam and injected into the combustion chamber through an oil gun, and then mixed with surrounding primary air (PA), secondary air (SA), and tertiary air (TA) successively. The overall air flowrate was kept constant of 9100 N m 3 h −1 (PA: 17%, SA: 43% and TA: 40%). The imaging system was installed at the side of furnace close to the front wall, as illustrated in figure 10 . The resulting field of view of the imaging system was about 1.3 m in diameter along the burner axis. The root region of the flame, which is regarded as the primary reaction zone of the combustion process in terms of energy conversion and emission formation, was fully observed.
In the experiments, the impact of the TA swirl vane angle on the flame stability was investigated. Previous studies suggested that the TA swirl vane angle affects significantly the aerodynamics of the entering air flow and its mixture level with fuel thus the structure and stability of the flame [16, 17] . The TA swirl vane angle can be varied from 0
• to 90
• with 0 illustrates the typical images of the heavy-oil-fired flame for the TA swirl vane angles tested. A direct comparison among the images has suggested that a greater TA swirl vane angle resulted in a stretched flame. Figure 12 illustrates typical examples of the PSD estimates of the flame radiation signals taken in the visible band for the three test conditions. It is evident that the amplitude of the low-frequency components for 25
• is much higher than that for 35
• and 45
• , whilst the high-frequency components are very similar in all cases. Previous studies have revealed that the low-frequency components in the flame signal are mainly attributed to its geometrical fluctuations due to aerodynamic or convective effects, whilst the high-frequency components reflect kinetic variations in the heat release rate or energy transitions in intermediate radicals [9] . The PSD estimates of the flame signals have thus suggested that the TA swirl vane angle has a significant impact on the geometrical characteristics of the flame. This has been demonstrated more clearly in figure 13(a) where the weighted oscillation frequency has shown an increased trend with the TA swirl vane angle, indicating increased flame stability in terms of the flame geometric characteristics. This result is in line with the data obtained through the statistical analysis of the geometric and luminous parameters, as illustrated in figure  13 (b) which clearly shows greater geometric and luminous instability at 25
• . Figure 13 (c) suggests a slight increase in the averaged flame temperature with the TA swirl vane angle. An increased standard deviation of the temperature (as shown as error bars in the figure, computed for 250 instantaneous images) has been observed at 25
• , indicating a greater fluctuation of the flame temperature under such a vane angle setting. It can therefore be concluded that, under TA swirl vane angles 35
• , the flame is more stable in terms of its geometric, luminous and fluid-dynamic characteristics. This finding is also consistent with the emission analysis of the flue gas, which was taken simultaneously during the test. As shown in figure 13(d) , the volume of NO x in the flue gas decreases with the vane angle, suggesting that it is crucial to maintain a stable flame for reduced NO x emissions.
Conclusions
An instrumentation system for flame stability monitoring and characterization in industrial furnaces has been developed. The system is based on digital imaging, spectral analysis and embedded computer techniques. The stability of the flame is quantified through statistical analysis of the characteristic parameters obtained. Results obtained on the gas-fired laboratory-scale combustion test rig have demonstrated that the flame was extremely unstable at the premixed fuel-lean conditions. Further experiments were carried out on a 9 MW th heavy-oil combustion test facility to study the impact of the swirl vane angle of tertiary air on the flame stability. It has been found that a decreased swirl angle gives rise to poorer flame stability in terms of its geometric, luminous and fluiddynamic characteristics. The test results have thus suggested that the prototype system has provided an effective means for monitoring and characterizing the flame stability under both laboratory and industry conditions.
